The Dbl oncogene is a putative exchange factor for the small GTPases RhoA and Cdc42, which are involved in actin polymerization into stress ®bers and ®lopodia, respectively. We report here that, upon adhesion to ®bronectin, Dbl-transformed NIH3T3 cells display a contracted, polygonal shape with a high number of short stress ®bers. In contrast, untransformed NIH3T3 cells acquire the characteristic ®broblast morphology and organize a regular mesh of long stress ®bers. We show that in Dbl-transformed and in untransformed NIH3T3 cells the dierent shape and actin cytoskeleton organization observed in the early steps of adhesion involves activation of distinct GTPases. Upon adhesion to ®bronectin, cell morphology of Dbl-transformed NIH3T3 cells depends on activation of RhoA and not of Cdc42. In contrast Cdc42 activation is necessary to untransfected NIH3T3 cells to acquire their ®broblast shape. In both Dbl-transformed and in untransformed NIH3T3 cells a basal Rac activation is necessary to support stress ®ber organization, while constitutive Rac activation promotes rues and lamellipodia formation. As a consequence of RhoA activation, Dbl-transformed cells show high activity of ROCK-a and CRIK kinases, two known RhoA eectors. In addition Dbl-transformed and NIH3T3 cells expressing the constitutive active form of RhoA are less motile on ®bronectin than cells expressing constitutive active Cdc42. We conclude that in NIH3T3 cells in response to ®bronectin the expression of the Dbl oncogene leads to a predominant activation of RhoA which both supports the peculiar cell shape and actin cytoskeleton organization in stress ®bers and regulates cell motility.
The Dbl oncogene is a putative exchange factor for the small GTPases RhoA and Cdc42, which are involved in actin polymerization into stress ®bers and ®lopodia, respectively. We report here that, upon adhesion to ®bronectin, Dbl-transformed NIH3T3 cells display a contracted, polygonal shape with a high number of short stress ®bers. In contrast, untransformed NIH3T3 cells acquire the characteristic ®broblast morphology and organize a regular mesh of long stress ®bers. We show that in Dbl-transformed and in untransformed NIH3T3 cells the dierent shape and actin cytoskeleton organization observed in the early steps of adhesion involves activation of distinct GTPases. Upon adhesion to ®bronectin, cell morphology of Dbl-transformed NIH3T3 cells depends on activation of RhoA and not of Cdc42. In contrast Cdc42 activation is necessary to untransfected NIH3T3 cells to acquire their ®broblast shape. In both Dbl-transformed and in untransformed NIH3T3 cells a basal Rac activation is necessary to support stress ®ber organization, while constitutive Rac activation promotes rues and lamellipodia formation. As a consequence ofIntroduction Guanine nucleotide exchange factor (GEF) for the Rho family of GTPases are comprised in a large family of proteins, all characterized by a region of sequence similarity consisting of the catalytic Dbl homology domain (DH) in tandem with a pleckstrin homology domain (PH) . The Dbl oncogene is the putative GEF for Cdc42 and RhoA (Hart et al., 1991 (Hart et al., , 1994 . It has been shown that Dbl, as well as other Dbl family members, can activate JNK suggesting that they may regulate gene transcription (Coso et al., 1995; Minden et al., 1995) . It has also been shown that Dbl, Vav and Ost oncogenes can activate NF-kB (Montaner et al., 1998) by the regulation of speci®c GTPases. Finally, it has been demonstrated that Dbl family proteins can potently activate transcription from the cyclin D1 promoter and that this activation correlates directly with the transforming activity of Dbl family oncogenic members . All these data suggest that Rho GEFs regulate transcription through activation of multiple signaling pathways (Coso et al., 1995; Minden et al., 1995; Zhang et al., 1995; Hill et al., 1995) .
Cell adhesion to matrix proteins impose a cytoskeleton remodeling which de®ne cell morphology on the adhesive substrate. The ®rst step of this process consists in cell spreading on the matrix protein and organization of actin structures, which leads to formation of focal adhesions and actin stress ®bers (De®lippi et al., 1999) . The GTP-binding proteins Cdc42, Rac and RhoA are essential regulators of the dynamics of actin cytoskeleton: Cdc42 regulates the formation of ®lopodia, Rac induces the formation of lamellipodia and membrane rues and RhoA participates in the formation of actin stress ®bers and focal adhesions (Nobes and Hall, 1995; Hall, 1998) . Moreover Cdc42 and Rac have been shown to be involved in the early phases of cell-matrix adhesion (Price et al., 1998; Clark et al., 1998) . Several lines of evidence suggest that RhoA is also regulated by integrinmediated cell adhesion to ECM, since integrin stimulation enhances stress ®bers and focal adhesions (Barry et al., 1997; Ren et al., 1999) .
We have previously reported that Dbl oncogene controls actin cytoskeleton organization as a consequence of cell adhesion to speci®c extracellular substrates and that actin stress ®bers are formed in Dbltransformed cells upon adhesion on ®bronectin (De®-lippi et al., 1997) . Other Dbl-like proteins have been shown to react to adhesion by inducing speci®c cellular responses. Tiam1 acts on Rac GTPase inducing a similar phenotype as constitutive activated Rac, including membrane ruing (Michiels et al., 1995) . Moreover Tiam1 and Vav induce cellular responses that are dependent on adhesion to speci®c extracellular matrix proteins (Sander et al., 1998; Miranti et al., 1998; Yron et al., 1999) . Regulation of actin cytoskeleton organization in response to cell adhesion to speci®c extracellular proteins seems to be a characteristic distinctive of Dbl family proteins as it has been shown that other oncogenes, such as Ras and Src, induce a general disorganization of actin cytoskeleton that is not modi®ed by adhesion on dierent substrates. (Dartsch et al., 1994; Tarone et al., 1985; Felice et al, 1990) .
We thus decided to investigate the pathways leading to cytoskeleton organization in Dbl-transformed cells as a consequence of cell adhesion. Here we analysed GTPase role in mediating actin stress ®ber organization and cell morphology in Dbl transformed cells upon plating on ®bronectin. We demonstrate that the morphological dierences observed between untransformed and Dbl-transformed cells in response to ®bronectin are due to distinct GTPase activation.
Results

Dbl expression induces ROCK-a and CRIK kinase activity
Rho family of GTPases exert their eect through activation of serine-threonine kinases, such as JNK and PAK-1 kinases, which are targets of active Cdc42 and Rac, as well as the RhoA-dependent kinases ROCKa and the recently identi®ed CRIK (Aspentrom, 1999) . Therefore, in order to investigate which GTPases are activated`in vivo' in cultured cells, COS cells were transiently transfected with plasmids coding for each of these kinases in the absence or presence of Dbl oncogene and harvested 24 h after incubation in serum-free medium. As shown in Figure 1 , we observed that expression of Dbl increased the activity of JNK and PAK ( Figure 1A,B) , as previously demonstrated (Coso et al., 1995; Minden et al., 1995; Bagrodia et al., 1998) , as well as of ROCK-a and CRIK kinases ( Figure 1C,D) , suggesting that Dbl oncogene triggers both Cdc42 and RhoA pathways. Densitometric analysis shows that Dbl expression increases ROCK-a activity by twofold and CRIK activity by fourfold. Positive controls were represented by cells transfected with the constitutive active form of RhoA, Rho
Val14
, which increases both CRIK and ROCK-a activity by tenfold and almost twofold respectively ( Figure 1C,D) . To demonstrate that the increased ROCK-a and CRIK kinase activity observed in Dbl-transformed cells was dependent on activation of endogenous RhoA, kinase assays were performed in cells treated with C3 transferase, a Clostridium Botulinum toxin which inactivates RhoA by ADP-ribosylation (Chardin et al., 1989) . The reduced activity of CRIK and ROCK-a kinases observed in Dbl expressing cells treated with C3 transferase ( Figure 1C,D  ) indicates the speci®c requirements for RhoA in this Dbl-mediated activation. The same extent of kinase activation was observed in NIH3T3 cells (data not shown). Thus, Dbl oncogene`in vivo' activates Cdc42 and RhoA as indicated by stimulation of catalytic activity of the serine-threonine kinases which are substrates of Rho GTPases.
Cdc42 activation is essential for NIH3T3 fibroblastic shape on fibronectin
The results of the kinase assays indicated that in NIH3T3 and in COS cells Dbl activates both Cdc42-and RhoA-associated signaling pathways. We have previously shown that Dbl aects actin cytoskeleton organization in response to cell adhesion to speci®c extracellular proteins (De®lippi et al., 1997) . We thus set up a series of experiments in order to establish the involvement of speci®c Rho GTPases in the acquisition of the morphologic characteristics displayed by Dbltransformed NIH3T3 cells in response to adhesion to ®bronectin.
We ®rst analysed which GTPases are involved in the acquisition of the ®broblast shape in untransfected NIH3T3 ®broblasts. Cells were transiently transfected with the dominant negative forms of Cdc42 (Cdc42   N17   ) and Rac (Rac N17 ) or treated with C3 transferase to inhibit RhoA, detached with EDTA, plated for 3 h onto ®bronectin in serum free medium and co-stained with phalloidin for F-actin and anti-myc antibody 9E10 to visualize positive transfected cells. NIH3T3 cells expressing Cdc42 N17 did not elongate such as normal ®broblasts, remained roughly polygonal and produced several tiny membrane protrusions ( Figure  2A , panels a,b). The dominant negative action of Cdc42 was evident within 1 ± 24 h of adhesion (data not shown). This observation suggests that interference with activation of Cdc42 reduces the ability of NIH3T3 cells to polarize and enlarge in response to ®bronectin. We also observe that at 3 h of adhesion, even in the absence of Cdc42 activation, cells organized actin in stress ®bers, suggesting that other GTPases may promote this process ( Figure 2A, panel a,b) . These results were further con®rmed by the analysis of NIH3T3 cells stable expressing Cdc42 (Figure 2A , panel e) spread quite regularly on ®bronectin, suggesting that interfering with Rac or RhoA activity does not modify cell shape. Indeed, expression of dominant negative Rac aects stress ®bers organization, decreasing the number of actin ®bers and promoting formation of few short thick actin cables. These data indicate that Cdc42 activation is required in the early phases of NIH3T3 cell spreading on matrix proteins in order to acquire a ®broblast shape. In addition a basal level of Rac activation is required to achieve normal organization of actin stress ®bers.
Morphology and actin cytoskeleton organization of Dbl-transformed cells are not dependent on Cdc42 activation
To evaluate involvement of Rho GTPases in cell organization observed in Dbl-transformed cells, stable Dbl transfectants were transiently transfected with the dominant negative form of Cdc42 (Cdc42 N17 ). Expression of Cdc42 N17 did not modify cell morphology on ®bronectin ( Figure 2B , panels a',b') suggesting that Cdc42 activation is not involved in Dbl-transformed cell shape organization during adhesion to ®bronectin. Transient expression of Rac N17 in Dbl-transformed cells, however, decreased the organization of actin stress ®bers ( Figure 2B , panels c',d'). Moreover expression of constitutive active Rac V12 modi®es Dbl morphology, leading to extended lamella and absence of stress ®bers (data not shown). These data suggest that Dbl cell shape and stress ®ber organization on ®bronectin is not dependent on Cdc42 activation while, as already observed for NIH3T3 cells, a basal level of Rac activation is necessary to allow actin stress ®ber polymerization.
To establish the role of RhoA activation in cytoskeletal organization in Dbl-transformed cells, we inhibited RhoA in these cells by C3 transferase. C3 transferase impaired actin polymerization into stress ®bers and enabled a major enlargement and spreading of Dbl-transformed cells on ®bronectin ( Figure 2B , compare panels e' and g'). Treatment of cells by osmotic shock with puri®ed GST had no eect on cell morphology and actin organization ( Figure 2B , panel f'). C3 transferase inhibitory eect was clearly visible in about 40% of treated cells. This relatively low percentage of positive cells is due to the eciency of the osmotic shock used to deliver C3 transferase into cells (Okada and Reichsteiner, 1982) . Nonetheless the toxin ecacy was con®rmed by in vitro ADPribosylation assay ( Figure 2B , panel h'). To further establish the eect of C3 transferase on Rho and the consequent disorganization of actin stress ®bers in Dbl transformed cells, we microinjected puri®ed C3 transferase in normal and Dbl transformed NIH3T3 cells plated on ®bronectin. In all microinjected cells, C3 transferase caused the disassemblance of actin stress ®bers and alteration of cell morphology (data not shown), further establishing that interference with RhoA activity aects morphology of Dbl-transformed cells plated on ®bronectin, releasing them from their characteristic polygonal shape. These data indicate that in Dbl transformed cells morphological rearrangement and actin cytoskeleton organization on ®bronectin is not dependent on activation of Cdc42 and suggests a role for Rho in Dbl transformants cytoskeleton organization.
Activation of RhoA controls cell shape and actin cytoskeletal organization in Dbl transformed cells Analysis of cell shape and actin stress ®bers organization in Dbl-transformed NIH3T3 cells plated on ®bronectin for 3 h in serum-free medium showed that these cells adhere on ®bronectin acquiring a polygonal shape and polymerize actin in a dense meshwork of short stress ®bers ( Figure 3A, panel b) . In contrast, untransfected NIH3T3 cells presented an elongated and ®broblast shape and organized actin into thin stress ®bers parallel to the long axis of the cell and sparsely distributed through the cell body ( Figure 3A, panel a) . In Dbl-transformed cells, focal complexes stained by an antibody to paxillin were predominantly localized to the ends of stress ®bers, while they appeared distributed along actin stress ®bers in untransfected NIH3T3 cells (data not shown). Therefore the expression of Dbl oncogene in NIH3T3 ®broblasts . Puri®ed GST-C3 transferase was added by osmotic shock in some experiments, as indicated. Kinases were immunoprecipitated and their activity was assayed on GST-ATF2 for JNK kinase (A) and MBP for PAK and ROCK-a kinases (B and D). Autophosphorylation was measured for CRIK kinase (C). Phosphorylated substrates and CRIK kinase were detected by autoradiography and quanti®ed by densitometric analysis by the GS 250 Molecular Imager. Western blot analysis was performed using total cell lysates to con®rm Dbl and Rho V14 expression levels with anti Dbl and anti Myc antibodies respectively (data not shown). The amount of each kinase was determined by Western blotting with speci®c antibodies. Kinase activity is reported as fold of activation as the mean+s.e. of three independent experiments aects the general morphology of the adherent cells and the distribution of actin stress ®bers and focal adhesions.
In order to analyse the involvement of RhoA family GTPases in the morphology acquired by Dbl-transformed cells plated on ®bronectin, we transiently transfected myc-tagged constitutive active form of Cdc42 (Cdc42 V12 enlarged on ®bronectin more than untransfected ®broblasts and presented few actin stress ®bers and some lamella and ®lopodia ( Figure 3B , panels a',b'). Cells expressing Rac V12 displayed a very polymorphic shape and edges rich in lamella and rues, and were characterized by the absence of actin organized in stress ®bers ( Figure  3B , panels c',d'). Thus the expression of the active forms of Cdc42 or Rac in NIH3T3 cells does not mimic the morphology of Dbl transformed cells.
To evaluate the role of RhoA in Dbl-induced cell organization upon adhesion on ®bronectin we transiently transfected NIH3T3 cells with Rho V14 . Cells expressing activated RhoA presented a contracted shape and a dense array of short, densely packed and brightly stained actin stress ®bers throughout their cytoplasm ( Figure 3B , panels e',f'). The same polygonal pro®le and massive organization of actin in short stress ®bers was also detected in NIH3T3 ®broblasts treated with Cytotoxic Necrotizing Factor 1 (CNF-1), which speci®cally activates RhoA by deamination (Flatau et al., 1997) ( Figure  3B , compare panels e' and g'). Thus constitutive activation of RhoA prevents cells to acquire a ®broblast-like shape, and enhances stress ®bers organization leading to a contracted phenotype. This morphology reminds the characteristic features observed in Dbl-transformed cells plated on ®bronectin and indicates that the morphological rearrangements promoted by Dbl expression may be mediated by RhoA activation rather than activation of Cdc42 or Rac. N17 (panels a',b'), pEXV-mycRac N17 (panels c',d'), treated with puri®ed GST-C3 transferase (panel e'), puri®ed GST (panel g') or left untreated (panel f'). Thirty-six hours later, cells were detached, plated for 3 h on ®bronectin-coated coverslips in serum free medium and ®xed with PFA. Transfected cells were visualized by anti-myc Mab 9E10 (panels b,b',d,d'), while actin organization was detected with FITC-phalloidin (panels a,a',c,c',e,e',f,f',g,g'). Bar=5 mm. Panel h, h': C3 toxin ecacy was con®rmed by ADP-ribosylation assay. Control (7) and C3-treated cells (+) were harvested, protein extracts were normalized and used for ADP ribosylation assay in presence of 2 mCi of NAD-32 P. After SDS ± PAGE, gels were exposed by the GS 250 Molecular Imager Oncogene Role of RhoA GTPase in Dbl transformed cells C Olivo et al
Expression of Dbl oncogene inhibits cell migration on fibronectin
Cells injected with Cdc42 rapidly extend ®lopodia and this is accompanied by concerted lamellipodia spreading. These associated structures are highly motile, frequently detaching from the substrate and either reattaching or folding back upon themselves to produce membrane rues (Nobes and Hall, 1995) . On the other hand, Dbl transformed cells plated on ®bronectin show a well-organized actin cytoskeleton and numerous actin stress ®bers, a structure similar to that observed in RhoA transformed cells. Thus to determine whether activation of RhoA in Dbltransformed cells aects their migratory properties, NIH3T3 cells transformed with oncogenic Dbl,
Cdc42
V12 and Rho L63 were plated on ®bronectin-coated Petri dishes and analysed for migration properties as described in Materials and methods. As shown in Figure 4A ,B, cells transformed with Dbl or active RhoA migrate less and seem more compact than Cdc42 V12-transfected NIH3T3 cells. Cdc42 V12 transfectants exhibited the most motile phenotype, in agreement with the cellular structure of each cell line. Figure  4C shows the growth curve of the dierent cell lines analysed. The growth pattern obtained indicates that what we observed in the migration assay was due to dierences in motility and not in proliferative potential of the transformed cell lines. These data indicate that expression of Dbl oncogene, as well as of active RhoA leads to a reduced cell motility, while active Cdc42 increases cell motility. Thus expression of Dbl reproduces the functional eect of activation of RhoA and not of Cdc42, further supporting that RhoA pathway is predominant in cytoskeletal organization of Dbl-transformed cells.
Discussion
Rho GTPases control actin cytoskeleton organization and mediate signal transduction pathways leading to transcriptional control. Cdc42 and Rac induce respectively ®lopodia and lamellipodia formation, activate JNK and PAK kinases and cause anchorage independent growth, while RhoA is involved in the formation of actin stress ®bers and focal adhesion and activates ROCK-a and CRIK kinases. The Dbl oncogene acts in vitro' as a GEF for Cdc42 and RhoA and the integrity of the catalytic DH domain is indispensable for both its exchange and transforming activity (Ron et al., 1991; Hart et al., 1994) . This indicates that Dbl can trigger constitutive activation of Cdc42 and RhoA, thus perturbing the organization of the actin cytoskeleton and causing alterations in cellular growth and morphology. We have previously shown that Dbl oncogene aects the structure of actin cytoskeleton as a consequence of adhesion to extracellular matrices and that, dierently from other oncogenes, can induce actin stress ®bers upon adhesion to ®bronectin (De®lippi et al., 1997) .
In this work we have investigated GTPases and signaling pathway activation as a consequence of the eect of Dbl oncogene on cytoskeleton organization in ®broblasts. Our data indicate that NIH3T3 cells plated on ®bronectin are elongated, organize actin into long and sparsely distributed stress ®bers along which focal complexes appear to be localized. Transfection of NIH3T3 with activated Cdc42 causes depolymerization of actin and enlargement of cells on the substrate. Moreover, transfection of the dominant negative form of Cdc42 strongly aects the ability of NIH3T3 cells to spread on ®bronectin. Therefore our results indicate that Cdc42 activation is induced in the early phases of cell adhesion in NIH3T3 cells in agreement with previous reports showing that integrin-mediated adhesion of cells to ®bronectin leads to Cdc42-mediated cell spreading (Price et al., 1998; Clark et al., 1998) .
The expression of Dbl oncogene in NIH3T3 ®broblasts aects cell shape, actin stress ®bers organization and focal adhesions distribution. Cells appear contracted, contain a thick array of short stress V12 (panels a',b'), pEXV-mycRac V12 (panels c',d') pEXV-myc Rho V14 (panels e',f') or treated with CNF-1 (panel g') and processed as in (A). Actin cytoskeleton was stained with FITC phalloidin (a,a',b,c',e',g'). Positive transfected cell were visualized by anti-myc 9E10 (panels b',d',f'). Bar=5 mm ®bers, display a polygonal shape and focal complexes localized to the ends of stress ®bers. These observations indicate that activation of Cdc42 is not a major event in regulating actin cytoskeleton organization assembly in Dbl-transformed cells. In fact, the expression of the active forms of Cdc42 or Rac in NIH3T3 cells does not mimic the morphology of Dbl transformed cells and expression of Cdc42 N17 and Rac N17 in Dbl transfectants does not perturb Dbl-induced cell morphology. On the other hand, NIH3T3 cells transiently transfected with Rho V14 presented a contracted shape and a dense array of short, densely packed actin stress ®bers throughout the cytoplasm, a morphology very similar to that displayed by Dbl-transformed cells. These observations strongly suggest that Dbl-induced cytoskeleton organization in cells adherent to ®bronectin is due to a predominant activation of RhoA GTPase.
It has been reported that Dbl oncogene induces JNK and PAK activation in both stably adherent COS and NIH3T3 cells (Coso et al., 1995; Minden et al., 1995; Bagrodia et al., 1998) . We show here that, in serumstarved adherent cells, Dbl oncogene signi®cantly augments the kinase activity not only of JNK and PAK, but also of CRIK (Di Cunto et al., 1998) and ROCK-a (Ishizaki et al., 1997) , two of the RhoA eectors (Van Aelst and D'Souza, 1997) . Moreover, we found that upon adhesion of cells on ®bronectin, Dblinduced morphology can be reverted by C3 transferase in Dbl-transformed cells and induced by CNF-1 in untransfected NIH3T3 cells, further demonstrating that Dbl activates RhoA in response to extracellular matrix.
Adhesion to extracellular proteins is necessary for several cell functions such as actin cytoskeleton organization, cell proliferation and migration. It has been shown that activated Cdc42 and Rac promote motility and invasion of mammary epithelial cells and that the motility induced by these two GTPases is dependent on the extracellular substratum (Keely et al., 1997) . Activated Rac and Tiam-1 also induce the invasive phenotype in T-lymphocytes and ®broblasts (Sander et al., 1998 ). Our results demonstrate that both Dbl and activated RhoA expressing ®broblasts were not motile on ®bronectin, while Cdc42 V12 transfected cells were more motile as were untransformed NIH3T3 cells. Thus, the eects of activated Cdc42, RhoA and Dbl on cell phenotype upon adhesion on ®bronectin mirrors their eects on the organization of actin cytoskeleton structures.
The Rho subfamily of GTPases mediate actin cytoskeleton organization, cell polarity, motility and cell cycle progression. Moreover, they play a fundamental role in signaling pathway controlling transcriptional activation and cellular proliferation (Hall, 1998; Van Aelst and D'Souza, 1997) . Activated mutants of RhoA family proteins can also have transforming activity (Lin et al., 1997; Qiu et al., 1995a Qiu et al., ,b, 1997 Avraham and Weinberg, 1989; Van Aelst and D'Souza, 1997) . In the past few years several investigators have searched for eectors for Rho GTPases in order to understand the mechanisms lying behind the complex pattern of RhoA-regulated pathways. Of the many eector molecules so far identi®ed for the family of GTPases, some are speci®c for a single member of the family, while others interact with more than one GTPase. Moreover, many of these eector molecules are ubiquitously expressed, and thus a cell type selectivity does not necessarily explain speci®c responses of GTPases to distinct upstream stimuli. It has been postulated that at least part of the speci®city in RhoA GTPase signaling is the result of regulation through the action of RhoA GEFs which appear to be capable of distinct downstream signaling to speci®c eector pathways (Zhou et al., 1998) . In our present work we have observed that Dbl oncogene, a GEF for both Cdc42 and RhoA, does not induce activation of Cdc42 in response to adhesion to ®bronectin. We have also found that Dbl expressing cells on ®bronectin are not motile and present a very contracted morphology with a thick array of ®bers. Lin et al. (1997) and Wu et al. (1998) have shown that a Cdc42-point mutant, which undergoes spontaneous exchange of GTP for GDP, while maintaining full GTPase activity, is able to transform NIH3T3 and to stimulate JNK activity. The expression of this CDC42 mutant in NIH3T3 cells causes some of the eects induced by Dbl including the generation of giant multinucleated cells and growth in soft agar and in low serum medium suggesting that CDC42 is a likely mediator of Dbl oncogene induced transformation. A possible explanation for these apparent contradictory observation could be that this oncogene activates distinct GTPases and thus various signaling pathways in response to dierent upstream stimuli. The relevance of RhoA activation in Dblinduced transformation, possibly acting sinergistically with other activated GTPases, or the activation by Dbl of other GTPases in response to adhesion to various extracellular matrices, remains to be determined.
Materials and methods
Antibodies and reagents
Anti-Dbl polyclonal antibodies were previously generated as described (Zangrilli and Eva, 1995) . 9E10 anti-myc monoclonal antibody (mAb) and¯uorescein-(FITC)-conjugated phalloidin were from Sigma; anti-Flag mAb was from Kodak and anti HA mAb (12CA5) was from Babco; rhodaminelabeled (RITC) antibody to mouse IgG was from KPL. Fibronectin was prepared as previously described (Tarone et al., 1982) . Cytotoxic Necrotising Factor 1 (CNF-1), was a kind gift of Dr P Boquet (U452, Inserm, Nice, France).
Plasmids
Construction of the pZIPNeo-DNDbl was previously described (Ron et al., 1989) . RhoA L63 mutant was obtained with the Transformer Site-Directed Mutagenesis Kit (Clontech) and cloned into the BamHI site of pZIPNeoSV(X)1 vector (Cepko et al., 1984 and the expression plasmid pGEX-2T-C3, were kindly provided by Dr A Hall (MCR laboratory for Molecular Cell Biology, UK). pcDNADbl, HA epitope-tagged JNK (HA-JNK) and the bacterially expressed ATF fusion protein (GST-ATF2) were kindly supplied by Dr S Gutkind (NIDCR, NIH, Bethesda, MA, USA). HA-tagged PAK-1 plasmid was a kind gift of Dr L Lim (National University of Singapore, Singapore). The expression vector pcDNA3-HA-ROCK-a was a gift from Dr Narumiya (University of Kyoto, Japan). pcDNA3-Flagtagged CRIK was described in Di Cunto et al. (1998) .
Cell cultures and transfections
COS cells were obtained from ATTC and were cultured in DMEM supplemented with 10% fetal calf serum. NIH3T3 ®broblasts were cultured in Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 10% calf serum. Mass cultures of stable transfected cell lines were generated by transfecting NIH3T3 cells by the calcium phosphate coprecipitation method and cultured in DMEM supplemented with 10% calf serum and 375 mg/ml of G418.
For immuno¯uorescence experiments cells were plated at a density of 12610 4 into a six-wells tissue culture plate and transfected with 10 mg of plasmid DNA using the calcium phosphate procedure. Cells were used for experiments 36 h from DNA addition.
For kinase assays cells grown to 80% con¯uence in 100 mm tissue culture dishes were transiently transfected with the indicated plasmids with the Lipofectamine Plus reagent as described by the manufacturer (Life Technologies). Twenty hours after transfection the medium was changed to DMEM containing 0.5% calf serum and cells were incubated for 24 h before harvest and lysis.
Toxins treatments and ADP-ribosylation assay
Treatment with CNF-1 was performed by pre-incubating cells with 10 76 M CNF-1 in culture medium overnight. C3 transferase toxin was prepared as a GST-C3 fusion protein according to Dillon and Feig (1995) and delivered into cells by osmotic shock, according to Okada and Rechsteiner (1982) . After osmotic shock, cells were rinsed in serum-free DMEM, and incubated in serum-free DMEM containing 20 mM HEPES for 4 h to allow cell recovery. Cells treated with GST-C3 transferase were washed with PBS, harvested with ice cold TBS (150 mM NaCl, 50 mM Tris-HCl pH 7.4), containing 250 mM sucrose, 3 mM imidazole, 1 mM PMSF and protease inhibitors and incubated for 30 min at 48C. Cell extracts were subjected to a three freezing-unfreezing cycles and cleared by centrifugation at 14 000 r.p.m. for 10 min at 48C. Samples were adjusted to the same protein concentration and 20 mg per sample were incubated with 2 mCi [ 32 P]NAD and C3 transferase in the ADP-ribosylation buer (50 mM Tris pH 7.5, 100 mM KCl, 1 mM DTT). ADPribosylation reaction was stopped by adding Laemmli Buer and boiling. Samples were separated onto a 12% SDS ± PAGE gel and exposed using the GS 250 Molecular Imager (Bio-Rad).
Immunofluorescence analysis
Glass coverslips were coated with 10 mg/ml ®bronectin by over night incubation at 48C and washed twice with PBS. Cells were gently detached with 5 mM EDTA in PBS, washed twice with 1 mM CaCl 2 , 1 mM MgCl 2 and plated in serumfree DMEM supplemented with 20 mM HEPES for 3 h onto coverslips. Cells were ®xed in 3% paraformaldehyde (PFA) for 10 min and permeabilized with 0.5% Triton-TBS (150 mM NaCl, 20 mM Tris-Cl pH 7.4) for 1.5 min. F-actin was revealed by staining with FITC-phalloidin. When transient transfected cells were used, positive cells were revealed with anti-myc mAb 9E10. Cells were observed by a Zeiss 6361.4 oil immersion objective. Photographs were taken on 400 Asa Kodak ®lm.
Kinase assays
JNK kinase activity in cells transfected with an epitopetagged JNK (HA-JNK) was determined as described (Coso et al., 1995) using puri®ed bacterially expressed glutathione Stransferase ATF fusion protein as substrate. PAK and ROCK-a kinase activity in cells transfected with epitope tagged plasmids (HA-PAK and HA-ROCK) was determined in the same way using myelin basic protein (MBP) (Sigma) as a substrate. CRIK autokinase activity in cells transfected with an epitope tagged CRICK (Flag-CRIK) was performed as described (Di Cunto et al., 1998) . Proteins were separated by SDS ± PAGE and transferred to Immobilon-P membranes (Millipore) which were used for both autoradiography and Western blot analysis to evaluate protein expression level. Immunocomplexes were visualized by enhanced chemioluminescence detection (Pierce) using Protein A coupled to horseradish peroxidase.
Migration assay and cell growth curve
Sixty mm Petri dishes precoated with 20 mg/ml of ®bronectin were covered with 10 ml of 0.4% noble agar (DIFCO) in DMEM supplemented with 10% calf serum and cloning cylinders were used to create wells in the agar. Cells were plated at 5610 4 cells/well and incubated at 378C for about 5 days to allow cells to migrate out of the well on the matrix underneath the agar layer. After removal of the agar layer cells were stained with May-Grunwald/Giemsa. Cell migration was determined by measuring the halo of cells migrating out of the wells. Measures were performed by using Image Tool software (University of Texas, Health Science Center).
Con¯uent cells were detached from culture dishes, counted and plated in a 24 well microplate at 25610 3 cells/well. Cells were grown for 24, 48, 72 and 96 h, detached and counted. The growth curve was repeated twice and each point was performed in triplicate. The values represent average of the triplicates of one representative experiment.
